Quantitative prediction of voids formation is demonstrated for CoO scale formed at 1373 K. Calculations of ion fluxes and their divergence in CoO scales can predict the void formation in the scale which mostly occurs in the vicinity of the metal/oxide interface. The volume fraction of voids is found to be maximum at the initial surface. These predictions are in good agreement with the observed morphology of CoO scale obtained in high temperature oxidation of cobalt at 1373 K.
Introduction
Exfoliation of a protective oxide scale is strongly influenced by the microstructure in the scale, for example, existence of voids.
Maruyama et al. 1) have proposed that void formation in a growing oxide scale formed in high temperature oxidation of metals was explained by the evaluation of the divergence of the minor ionic flux which appeared in the electrochemical potential distribution. In oxide scales with major electronic conduction, the electrochemical potential is reduced to the chemical potential. The chemical potential distribution was estimated under the assumption that the major ionic flux is responsible to establish the distribution. They have also demonstrated its validity in magnetite scale formed in high temperature oxidation of iron at 873 K. Ueda et al. 2) improved this treatment in which all ionic fluxes were taking account into the calculation of the chemical potential distribution and quantitatively explained the position and the volume of voids formed in the magnetite scale. In magnetite, the defect of iron ion is the interstitial ion in the lower oxygen potential and is the vacancy in the higher oxygen potential.
3) The defect of oxide ion is the vacancy in the whole region. 4) The present authors 5) demonstrated the prediction of the voids formation in NiO scale formed in high temperature oxidation of Ni at 1373 K. NiO is known as a typical metal deficient p-type semi-conducing oxide with the Schottkytype defects in which the predominant defect of nickel ion is a doubly ionized vacancy and the defect of oxide ion is a doubly ionized oxygen vacancy. [6] [7] [8] [9] [10] Using this defect model, the authors 5) have predicted that the voids in the NiO scale form mainly in the vicinity of the metal/oxide interface. This prediction was in good agreement with the morphology of the NiO scale experimentally observed.
The high temperature oxidation of cobalt has been studied extensively. [11] [12] [13] [14] [15] [16] [17] The growth of CoO scales follows parabolic behavior, which is mainly determined by the diffusion of cobalt ion. CoO is also known as a typical metal deficient p-type semi-conducing oxide with metal ion vacancy as a predominating defect. Therefore, the tendency of void formation in CoO scale should be similar to that of NiO scale. Furthermore, the growth rate of CoO scale is much faster than that of NiO scale, 5, 16) hence the behavior of voids in the scale is more prominent in CoO scale than that in NiO scale, which provides us more detailed understanding of void formation. The purpose of this study is to demonstrate quantitative prediction of formation and distribution of voids in CoO scale, and to compare microstructures of the oxide scales formed on cobalt at 1373 K with the estimation.
Principle
The following sections have been already presented in the previous paper dealing with NiO scale. 5) However, for the convenience in reading this paper, almost the same one, but for CoO scale, is described below. Figure 1 shows a schematic illustration of chemical potential distributions of cobalt and oxygen in CoO scale. Cobalt ion diffuses toward the right hand side at which oxygen chemical potential is higher, and oxide ion diffuses to the left. Flux of an ion, J, at a position of x in the scale is determined by the diffusivity and the electrochemical x is larger than that flowing out, the additional oxide should form. In the opposite case, the oxide annihilates and void forms. From this point of view, the divergence of the ionic flux is the quantitative measure of void formation.
Mass transport in CoO scale and estimation of void formation

Mass flow of ions in CoO scale
The non-stoichiometry of CoO scale is negligibly small to consider the concentration of cobalt, c Co , and oxygen, c O in mol m À3 to be constant.
The electro-neutrality must be maintained as follows.
The conservation of the ratio of number of sub-lattice sites required that the divergence of the ionic fluxes should be maintained stoichiometric ratio (1 : 1) in CoO. The relation between the formation/annihilation rate of oxide in the CoO scale and the divergence of ionic fluxes can be expressed in the following continuity equation.
where n CoO is the number of mol of the formed or annihilated oxide, and J i (mol m À2 s À1 ) is the flux of an ion, i. When n 0 is multiplied to the eq. (2), the divergences of total flux of ions are found to be zero.
Integration of the eq. (4) gives
H is the constant, which is independent of the position in the scale, x. The equation (5) shows that the sum of ionic currents in the CoO scale is constant since z i FJ i is the charge flux of ion. F is the Faraday constant (96,485 C mol À1 ). The ion flux, J i is expressed as
where B i (mol J À1 m 2 s À1 ) is the absolute mobility, and @ i =@x (J mol À1 m À1 ) the electrochemical potential gradient. The absolute mobility is related to the self-diffusion coefficient, D i as follows.
where R is the gas constant (8.31 J mol À1 K À1 ), T the absolute temperature (K).
The relation between the electrochemical potential and the chemical potential, i (J mol À1 ) is expressed as
where e is the electrochemical potential of electron. The electroneutrality must be maintained in CoO scale. It gives,
where subscripts h and e denote an electron hole and an electron, respectively. When and are defined as eqs. (10) and (11) for simplicity which correspond to the contribution of ionic and electronic transports, H can be given as eq. (12) with the chemical potential gradient of ions. The detailed calculations have been described in the previous work.
where t e is electronic transference number. The Gibbs-Duhem relation in CoO is given as
Substitution of the eq. (13) into the eq. (12) gives the following equation.
Chemical potential distribution in CoO scale
The integration of the eq. (14) 
On the other hand, integration of the eq. (14) 
The ratio of the eqs. (15) and (16) gives the chemical potential distribution of oxygen in the CoO scale,
The chemical potential gradient of oxygen can be given as differentiation of eq. (17) .
The electrochemical potential gradient of oxygen is obtained as
Since CoO is a hole conductor ( ) ; t e ¼ 1), the equation (17) can be written as
The equation (18) can be simplified as
and the electrochemical potential gradient of oxygen can be
2.4 Parabolic rate constant and thickness ratio of inner and outer scales Parabolic rate constant, k p and thickness ratio of inner and outer scales, r are kinetic parameters of the high temperature oxidation of metal. The parameters are functions of absolute mobility of ions and given as follows.
The equation (24) indicates that the thickness ratio of inner and outer scales, (Àl=L) is independent of the oxidation time.
The fraction of the total volume of voids in CoO scale
The total volume of voids in CoO scale in per unit area, V calc,tot void is given as,
The fraction of the total volume of voids in CoO scale, f calc,tot void , is expressed as f
The equation (26) indicates that f calc,tot void is independent of time but depends on oxygen partial pressure.
Experimental
Sample preparation
Cobalt sheets (99.9%, Nilaco Corporation) was cut into the coupon 10 Â 10 Â 1 (mm 3 ) in size. After annealed in vacuum at 1573 K for 36 ks, the samples were polished to a mirror finish with abrasive papers (#600-#2000) and diamond paste of 4 mm.
Oxidation experiments
Samples were oxidized at 1373 K for up to 86.4 ks in Ar-21%O 2 gas mixture (P O 2 ¼ 2:1 Â 10 4 Pa, the high P O 2 atmosphere) and in CO 2 gas of which oxygen partial pressure was adjusted by an electrochemical oxygen pump of stabilized CaO-stabilized ZrO 2 (CSZ) (P O 2 ¼ 2:0 Â 10 À2 Pa, the low P O 2 atmosphere).
Marker experiment was carried out to determine the initial surface. Before the oxidation, Pt paste dispersed in ethanol was applied on cobalt sheets prepared in the same procedure mentioned in 3.1. The sample was oxidized at 1373 K in the high P O 2 atmosphere for 86.4 ks.
During the oxidation, the atmosphere was monitored by an oxygen sensor of CSZ and the temperature was measured by a thermocouple (R). Both the oxygen sensor and the thermocouple were set just beneath the sample. After cooling the sample, the scale morphology was observed with scanning electron microscope (SEM).
Volume fraction of voids in the whole scale, f meas,tot void was evaluated by measuring the areas of the scale and voids in the cross-sectional SEM image of the sample oxidized in high P O 2 atmosphere. The fraction of measured areas of voids and scale is regarded equal to the fraction of total volume of voids in the scale. 18) Volume fraction of voids in the area close to the metal/ oxide interface (including whole the inner scale and a part of the outer scale within 40 mm from the initial surface), f meas,int void was measured against the position in the scale with the crosssectional SEM image of the sample oxidized in high P O 2 atmosphere. Test lines were drawn to the initial surface with distances of 7 mm between them. The fraction of the length of segments drawn on voids and on the scale was measured. The fraction of length is equal to the volume fraction of voids in the scale. 18) 4. Results Figure 2 shows the cross-sections of CoO scales formed under the high P O 2 atmosphere. Voids are preferentially observed in the vicinity of the metal/oxide interface. The equation (24) indicates that this ratio is independent of the oxidation time. Figure 4 shows the cross-section of CoO scales formed under the low P O 2 atmosphere. Voids are also observed in the vicinity of the metal/oxide interface. However, the amount of voids is less and the size is smaller than those in the scale formed under the high P O 2 atmosphere.
Cross-section of CoO scale and voids in the scale
The fraction of the volume fraction of voids in the whole scale, f meas,tot void is shown in Fig. 5 . The fraction of the total volume of voids is independent of oxidation time. f meas,tot void of the high P O 2 atmosphere is a little larger than that of the low P O 2 atmosphere.
Volume fraction of voids in the vicinity of the metal/oxide interface, f meas,int void is measured against the position in the scale from these cross-sections of CoO scale. As shown in Fig. 6 , the volume fraction of void tends to be maximum at the initial surface independent of oxidation time. Figure 7 shows the parabolic plots of total scale thickness.
Parabolic rate constant
The scale growth in both atmospheres follows the parabolic rate law. The parabolic rate constants were obtained as follows.
ðin the low P O 2 atmosphereÞ ð 29Þ
5. Discussion 5.1 Defect chemistry and diffusion of cobalt and oxygen in CoO scale CoO is known as a metal-deficient p-type semi-conducting oxide, and the predominant defects in CoO are vacancies of cobalt. Three types of vacancy of cobalt can be considered; i.e. the neutral, singly and doubly ionized vacancies.
The formation of a neutral vacancy of cobalt, V Co is expressed as 
1/2O
where O Â O is an oxygen ion at an oxygen site. The equilibrium constant of the reaction, K 1 is
where a square blanket denotes the concentration. [O Â O ] can be assumed as unity. Therefore, the concentration of neutral vacancy of cobalt is represented as
The diffusion coefficient of cobalt in CoO is proportional to the concentration of the vacancy of cobalt. Hence if the predominant defects in CoO are neutral vacancies of cobalt, the diffusion coefficient of cobalt is proportional to P
On the other hand, the formation of a singly ionized vacancy of cobalt, V 0 Co is expressed as
where h is an electron hole. The equilibrium constant of the reaction, K 2 is
The electroneutrality gives
Then, the vacancy concentration of cobalt is expressed as 
Therefore, the diffusion coefficient of cobalt is proportional to P 24) It indicates that the predominant defect of cobalt is a singly ionized vacancy in low P O 2 range and a little contribution of neutral vacancy appears in high P O 2 range. The P O 2 at the Co/CoO interface in oxidation at 1373 K is 3:4 Â 10 À6 Pa, which is much lower than 10 2 Pa. Therefore, the predominant defect of cobalt in CoO scale is assumed as a singly ionized vacancy in a whole range of P O 2 for the simplification of the calculation in this study.
The schottky equilibrium indicates that defect of oxide ion is a doubly ionized oxygen vacancy, V O . The formation of a doubly ionized vacancy of oxygen is expressed as
The equilibrium constant, K 3 is
As indicated in the eqs. (35) and (36), the concentration of the excess electron hole, [h ] is expressed as
Therefore, the concentration of doubly ionized vacancy of oxygen is given as
The concentration of doubly ionized vacancy of oxygen is independent of the oxygen partial pressure. The diffusion coefficient of oxygen in CoO is also independent of the oxygen partial pressure.
The effective diffusion coefficients of cobalt and oxygen in CoO scale
The mass transport process in polycrystalline scale may be contributed by both bulk and grain boundary diffusions. Thus, the diffusion coefficients evaluated from the oxidation kinetics is the effective diffusion coefficients. Stubican et al. 25) measured grain boundary diffusion of divalent cobalt ion in the polycrystalline film of NiO and NiO bicrystal at 1023 K, and reported that the oxygen partial pressure dependence of the grain boundary diffusion coefficients was similar to that of the bulk diffusion coefficients. From this results, it is reasonable to assume that the oxygen partial pressure dependence of the grain boundary diffusion of cobalt and oxygen in the CoO scale is considered to be the same to that of the bulk diffusion. Therefore, the oxygen partial pressure dependence of effective diffusion coefficients in the CoO scale can be described as
where A and B are constants to be obtained experimentally. These two constants are calculated from the simultaneous equations of the eqs. (23) and (24) by substituting the obtained kinetic parameters, k p and r shown in the eqs. (27) and (28) . The constants, A and B were obtained as,
There has been many reports on diffusion coefficients in CoO. 13, [19] [20] [21] [22] [23] [26] [27] [28] [29] Figure 8 shows the effective diffusion coefficients obtained in this study as a function of oxygen partial pressure with several typical reported values. 21, 23, 26, 29) The self diffusion coefficient of cobalt reported by Mrowec and Przybylski 23) with the sample obtained from high temperature oxidation experiments of cobalt at 1373 K is in good agreement to that obtained in this study. On the other hand, the self diffusion coefficient of cobalt reported by Chen et al. 21) with a single crystal of CoO also shows good agreement with others. This fact indicates that the contribution from grain boundaries is very small for diffusion of cobalt ion.
Diffusion of oxygen in CoO has been studied in several reports. [26] [27] [28] [29] The diffusion coefficient of oxygen reported by Thompson 29) for polycrystalline CoO is larger by 1 order than that obtained in this study. Tracer diffusion coefficient of oxygen in a single crystal of CoO at P O 2 ¼ 2:1 Â 10 4 Pa reported by Yamaguchi and Someno 26) is 2 orders smaller than that obtained in this study. These discrepancy suggests that the grain boundary enhances oxygen diffusion.
Substituting the effective diffusion coefficients described by the eqs. (41), (42), (43) and (44) into the eq. (23), k p in the low P O 2 atmosphere can be calculated as
The parabolic plot of this value is shown by the dotted line in Fig. 7 . The calculation reasonably predicted the experimentally obtained k p in the low P O 2 atmosphere. 
In the case of CoO scale, B O is independent of the chemical potential of oxygen. Therefore, the eq. (46) can be written as
Since the oxygen pressure dependence of the diffusion coefficient of cobalt ion is P 
This fact indicates the rate is negative and the annihilation of oxide is possible and voids are formed in the scale. Figure 11 shows the calculated oxygen flux, the formation/annihilation rate of oxide in the CoO scale and the microstructure of the scales formed in the high P O 2 atmosphere at two different oxidation times. The value of oxygen flux is negative since oxide ions flow from the scale/gas interface; i.e. negative direction. The oxygen flux is maximum at the metal/oxide interface. The formation/annihilation rates exhibit negative values throughout the scales. The annihilation rate increases drastically in the vicinity of the metal/oxide interface. It indicates that voids mainly form in the vicinity of the metal/oxide interface. And the rate of the voids formation is largest at the metal/oxide interface. The cross-section shows that the calculation can predict the void formation in the growing CoO scale. Figure 12 shows calculated oxygen flux, the formation/ annihilation rate of oxide in the CoO scale and the microstructure of the scales formed in the low P O 2 atmosphere at two different oxidation times. Although the tendency of the annihilation rate is as same as that in the high P O 2 atmosphere, the calculation expects that its absolute value is smaller and cross-section shows the void formation is less than that in the high P O 2 atmosphere.
Distribution and total volume fraction of voids in
CoO scale Figure 13 (a) shows a schematic illustration of void formation rate during oxidation (t 1 < t 2 < t 3 ) in CoO scale. As shown in Figs. 11 and 12 , the rate of void formation is always the largest at the metal/oxide interface. It is noteworthy that the rate of void formation decreases with time, since the gradient of the chemical potential of oxygen in the scale decreases with increasing the scale thickness. Figure 13(b) shows the distribution of voids at t 3 , which is obtained by the integration of the void formation rate from t ¼ 0 to t 3 . The amount of voids in the scale should be maximum at the initial surface even in the case of formation of the inner scale. This prediction is in good agreement with the results shown in Fig. 6 .
The volume fraction of voids in the whole scale, f 
Conclusions
From the evaluation of the mass transport of ions in CoO scale formed at 1373 K, void formation in the scale could be estimated. Voids always form in the vicinity of the metal/ oxide interface, and the formation rate of the void is the largest at the metal/oxide interface. The volume fraction of voids which exists in CoO scales is maximum at the initial surface even in the case of formation of the inner scale. The rate of the void formation decreases with increasing the scale thickness. The microstructure observation verified that the prediction in this study explains the formation and the distribution of voids in CoO scale quantitatively.
